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Abstract 
In this work, a duplex coating is performed by conducting microwave plasma nitriding on Ti6Al4V, followed by the deposition 
of hardcoating (CrN) using an arc coating system. Plasma nitriding of Ti6Al4V alloy using microwave plasma technique, created 
a thick (~130μm)   modified layer (case depth) at processing temperature of 700°C and 5 hour. The load carrying capacity of the 
duplex coating assessed using Rockwell-C test shows that the case depth increases with an increase in process temperature and 
time for nitriding. Consequently, it affects the formation of compound layer on the plasma nitrided specimen. Moreover, the 
formation of compound layer may lead to uneven distributions of the applied hardcoating (CrN) resulted in poor adhesion of hard 
coating - nitrided substrate. 
© 2013The Authors.Published by Elsevier Ltd. 
Selection and peer-review under responsibility ofThe Malaysian Tribology Society (MYTRIBOS), Department 
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Nomenclature 
PVD       Physical Vapour Deposition 
CrN Chromium Nitrade 
Ar Argon 
N2 Nitrogen 
sccm standard cubic centimeters per minute 
mm milimeter 
N            Newton 
Kg          Kilogram 
Kgf         Kilogram force 
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1. Introduction 
Duplex coating is not a new term in surface engineering. It involve a sequential application of two (or more) 
established surface technologies (e.g. thermochemical treatment, ion implantation, PVD coating etc.) to produce a 
surface composite with combined properties and significant improvement on the surface and sub-surface (interlayer) 
properties, which not possible through any individual technique [1]. In mechanical aspect, to have an optimum 
duplex system, a large plastic zone must be developed in the substrate when subjected to relatively high intensity 
loading to avoid initiation of plastic deformation in coating systems. This means, the load carrying capacities of 
coating and substrate must be improved and clearly that the deep case hardening can significantly enhance the load 
carrying capacity of a coating- substrate system [1]. 
During the past years, various duplex coating processes have been explored to meet the growing requirements in 
surface properties. A typical duplex surface engineering involves combinations of thermochemical process (such as 
plasma nitriding) and PVD thin hard coating. The thermochemical process normally produces a relatively high case 
hardness profile with formation of compound layer on top of surface and a diffusion layer beneath [2].  It has been 
reported that plasma nitriding of the Ti6Al4V substrate increases the load carrying capacity of the coating – 
substrate [3]. The aim of this study was to investigate thepossibilities of using microwave plasma nitriding technique 
as a pre- treatment process prior to the hard coating process. The Ti6Al4V specimen were plasma nitrided before 
CrNcoating deposition and the effect of the process temperature and time of plasma nitriding process  on the 
formation of case hardness profile (case depth), adhesion and load carrying capacity of the coating  was 
investigated. 
2. Experimental 
The substrate material used in this study was titanium alloy Ti6Al4V with the following composition (wt. %): 
6.0% Al; 4.0% V; balance % Ti. The test specimens were surface treated using duplex coating technology, 
consisting of plasma nitriding process and Chromium Nitride (CrN) coating deposition, and carried out as a two-step 
process. In steps one, the Ti6Al4V specimens were plasma nitridedusing Penta Vacuum MPS4 microwave 
equipment. The specimens are cut from a long rod with 10mm x 25mm (thickness × diameter) and were 
mechanically polished for surface roughness, Ra<0.5. After polishing the specimens are clean by ultrasonic cleaning 
in ethanol bath for 15 minutes and then dried using hot air dryer. The specimens are then heated to the required 
temperature and nitrogen along with argon gas is introduced in to the microwave source (1kW, 2.45GHz) to produce 
plasma. The operating pressure in the chamber is fixed at 30mTorr, and the flow rates of the N2 and Ar gas mixtures 
was set at 25% (Ar): 75% (N2). The nitriding temperatures is monitored and performed at 600°C and 700°C for 1 
hour, 3 hours and 5 hours respectively. 
For second step is the deposition of duplex coating. The deposition of CrN coating on the plasma nitride 
specimens is done using Hauzer Techno Coating (HTC) 625/2 ARC coating system. . All of the plasma nitrided 
substrates are deposited at the similar condition of process parameters (Table 1) in order to achieve the equivalent 
coating thickness of about  2 μm. Prior to the coating process, etching process is done to remove contaminations on 
the substrate surface before the beginning of the deposition process. 
 
Table 1. Deposition parameters of CrN 
Deposition time 
(minutes) 
Ar gas flow rate 
(sccm) 
N2 gas flow rate 
(sccm) 
Etching 
(minutes) 
Substrate temperature 
(°C) Arc current (A) 
40 50 250 3 300 100 
 
The morphology of the coated specimens was observed by Scanning Electron Microscopy (SEM) and the case 
depth profile analysis for the plasma nitrided specimens were determined using microhardness Vickers at a load of 
0.025kgf and a series of indentation is made with the distance between each indentation is 10μm. For evaluation of 
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load carrying capacity, the Rockwell-C test was used to evaluate the coating adhesion and at the same time the 
estimation of the load carrying capacity of the coated systems. A maximum force of 1471 N or 150kg is applied on 
the specimens that cause damages (spallation or cracking) on the boundary of indentation. The damages occurred 
were analyzed utilizing SEM with suitable magnification and then compared with the defined adhesion strength as 
described by Heinke and co-worker [4]. 
 
3. Results 
3.1 Case depth profile 
 
Figure 1 shows summary of the case depth obtained based on the case depth profile of the plasma nitrided 
Ti6Al4V at various temperature and time. It is observed that the case depth is increase with increase of process 
temperature and time. The highest case depth (130 μm) is obtained in sample nitrided at 700°C for 5 hours. 
 
 
Fig.1.Summary of case depth obtained for the plasma nitride Ti6Al4V at various temperature and time 
 
3.2 Coating Morphology 
 
The SEM micrographs of the cross sectioned of duplex coating samples are shown in Figure 2. The thickness of 
the CrN deposited on substrate nitride at 600°C for  1, 3 and5 hour are 1.0 ± 0.01 μm, 1.3 ± 0.01 μm and 1.2 ± 0.01 
μm respectively. While the thickness of CrN deposited on substrate nitride at 700°C for 1, 3 and 5 hour are 2.0 ± 
0.01 μm, 1.3 ± 0.01 μm and 1.2 ± 0.01μm respectively. It can be seen that the distributions of CrN coating is more 
uniform on substrate subjected to plasma nitriding at 600°C and 700°C for 1 hour. Where the coating looks evenly 
and closely adheres to the substrate. In contrast, the distributions of CrN coating on the substrate subjected to plasma 
nitriding process at 600°C and 700°C for 3 and 5 hour are less uniform. These is suggested looking at the loose 
adhere of CrN coating to the substrate, represented by discontinuous gap (appear as black area) between the coating 
and substrate. Thus, it appears that the adhesion of coating- substrate of the duplex coating sample with plasma 
nitride substrate at 600°C for 3 and 5 hour and 700°C for 3 and 5 hour are poor compared to the sample at 600°C and 
700°C for 1 hour 
 
 
 
 
90
100
110110
120
130
0
20
40
60
80
100
120
140
1 hr 3 hr 5 hr
C
as
e 
de
pt
h,
 ȝ
m
Hour
600 °C
700 °C
534   Yusliza Yusuf et al. /  Procedia Engineering  68 ( 2013 )  531 – 536 
 1 Hour 3 Hour 5 Hour
600°C 
700°C 
 
Figure.2. SEM micrograph of cross sectioned of  duplex coating samples 
 
3.3 Rockwell C Test 
 
The Rockwell-C indentation test perform on the control sample (CrN coating deposited directly on the as 
received Ti-6Al-4V) exhibit a large damage and spalling bordering of the indentation area as shown in Figure 3. The 
indentation imprint size is large and this is referring to the poor adhesion strength of the coating to the substrate. 
Based on the adhesion quality strength described by Heinke and co-workers [4], this sample adhesion strength 
quality is classified as HF 6. In this category (HF 6) the load carry capacity of the coating- substrate system is 
considerable weak.  
 
 
 
Fig.3. SEM microgarph of the control sample (CrN coating deposited on the as received Ti6Al4V substrate) tested with Rockwell-C indentation 
test at 150kg load 
The Rockwell-C indentation test perform on duplex coating sample (CrN coating deposited on  plasma nitride 
substrates) at temperature of 600°C and 700°C at various process time are shown in Table 2. It shows that samples 
subjected to duplex coating display a small amount of damage where little spallation and radial crack is observed 
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after the indentation test compared to the control sample.Overall, as of process temperature and time increases for 
the plasma nitride substrate, the visibility of the radial crack in the duplex coating sample is decrease and this is due 
to improvement of adhesion suggested by the classification of the adhesion strength quality. It can be deduced that 
the improvement of the adhesion strength observed during this analysis is related to the improvement of the load 
carrying capacity of the substrate in the duplex coating system (represented by the minor damage and crack of the 
indentation area) 
 
         Table.2. Adhesion strength quality of duplex coating 
 
 Adhesion strength quality 
600°C 700°C 
Result Standard Result Standard 
1 
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4. Discussion 
Based on the case depth analysis, the diffusion of nitrogen into the Ti6Al4V surface form solid solution or 
precipitation hardening resulted in an increase of the diffusion layer strength [2].In this study, the case depth is 130 
μm for sample nitride at 700°C for 5 hour. Thus, it can be seen that microwave plasma nitride produces large case 
depth compared to other technique e.g. DC plasma method reported by Yildiz and co –worker [5].This could be due 
to the advantages of using microwave plasma technique e.g. high degree of ionization with low pressure required, 
high concentration of active species (atoms) and high density plasma [6]. 
The assessed Rockwell-C test for the duplex coating samples reveals that the control sample has major damage 
and spallation on the indentation area. Based on the adhesion strength quality illustrated by Heinkeand Co-workers 
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[4], the sample is classified as HF 6. This is equivalent with duplex coating sample on plasma nitride substrate at 
600°C for 1 hour. The visible radial crack is observed and it shows that the adhesion strength quality of the sample 
is HF 4. This finding is however contradicted when analyzingunder the SEM micrograph of the cross sectioned of 
duplex coating (Figure 3). It is observed that duplex coating sample of substrate with plasma nitride at 600°C 1 hour 
shows that the CrN coating is evenly and closely adhere to the substrate. In general, the evenly and closely adhere of 
coating to the substrate should lead to improved strength. Thus, the poor adhesion strength quality of this sample 
(observed crack on the duplex coating sample during Rockwell-C test, HF 4) is due to the weakening of the load 
carry of the substrate to the coating system [7]. This is also explained by Fu and co-workers [8] that the cracking and 
spallation occur after the indentation is due to the brittle nature (thin layer of the coating) and the poor load carry 
capacity of the coating – substrate system.Whereas, duplex coating on plasma nitride sample at 700°C and 5 hour 
shows the improvement on the adhesion strength represented by the minor cracking observed on the indentation area 
with the classified adhesion strength quality of HF 1. This finding is also contradicted when analyzing the cross 
sectioned SEM micrograph of the sample (Figure 3) where discontinues gap is observed between the coating and the 
substrate indicating of un-even and poor adhesion of coating. Thus, it is suggested that the improvement of the load 
carrying capacity of the plasma nitride substrate beneath the CrN coating contributed much to the less improved of 
adhesion strength quality observed in this sample. The improvement of load carrying capacity of coating – substrate 
system is due to the formation of compound layer and case depth during the plasma nitridingprocess.  
5. Conclusion 
In this study, it can be concluded that the process parameter (temperature and time) have significant effect on the 
properties of plasma nitrided Ti6Al4V. Diffusion of nitrogen into Ti6Al4V specimen produces case depth up to 130 
μm at 700°C, and 5 hour; it increases with the increase in process temperature and time. For duplex coating, 
improvements of load carrying capacity of coating- substrate system are due to the case depth increment as well as 
the formation of compound layer during the plasma nitriding. However, formation of compound layer during plasma 
nitriding process may lead to uneven distributions of coating and poor adhesion of coating- substrate.
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